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The valence band offset, DE V , at an Al 2 O 3 /In 0.17 Al 0.83 N interface formed by atomic layer deposition was measured by x-ray photoelectron spectroscopy. The conventional method of using the core level separation, DE CL , between O 1s and In 4d resulted in DE V ¼ 1.3 eV, which was apparently consistent with the direct observation of the valence band edge varying the photoelectron exit angle, h. However, DE CL and full width at half maximum of core-level spectra were dependent on h, which indicated significant potential gradients in Al 2 Lattice-matched InAlN/GaN heterostructures can provide a two-dimensional electron gas (2DEG) with high density exceeding 2 Â 10 13 cm À2 (Refs. 1 and 2) owing to the large difference in spontaneous polarization at the interface. 3 High-performance InAlN/GaN high-electron-mobility transistors (HEMTs) have been fabricated and reported. 2, 4 To suppress the gate leakage current through the InAlN gate barrier in the application of InAlN/GaN heterostructures to HEMTs, the use of Al 2 O 3 to form a metal-insulator-semiconductor (MIS)-gate HEMT has been reported. 4 In addition, a sufficiently low interface state density at the Al 2 O 3 /InAlN interface has been reported. 5 To understand the properties of the Al 2 O 3 /InAlN interface, the valence band offset, DE V , is an important parameter. However, the measurement of DE V has not been reported for an Al 2 O 3 /InAlN interface. In this work, we investigated the valence band offset at an Al 2 O 3 / InAlN interface by x-ray photoelectron spectroscopy (XPS).
Here Al 2 O 3 /In 0.17 Al 0.83 N/GaN structures were prepared and investigated. Undoped In 0.17 Al 0.83 N layers were grown on undoped GaN buffer layers on sapphire (0001) substrates by metal-organic vapor phase epitaxy (MOVPE). The In molar fraction of the InAlN layer of 0.17 was confirmed by x-ray diffraction (XRD) measurement. The InAlN surface was treated by hydrofluoric acid prior to Al 2 O 3 deposition. The Al 2 O 3 layer was deposited by atomic layer deposition (ALD) at 350 C using H 2 O and trimethylaluminum (TMA). Samples with Al 2 O 3 layer of 2 nm and 16 nm thickness on the In 0.17 Al 0.83 N (15 nm)/GaN (2 lm)/sapphire structure were prepared. The sample with 2-nm-thick Al 2 O 3 layer was used for interface investigation, while the other sample was used to extract the bulk material constant of ALD Al 2 O 3 . XPS was performed using a monochromated Al-Ka x-ray source (1486.6 eV). The binding energy shift induced by the charging of the insulating substrate was calibrated by adjusting the peak position of the C 1s core level to 285.0 eV for each sample surface. If necessary, the photoelectron exit angle, h (defined as the elevation angle with respect to the sample surface), was changed by tilting the sample to change the photoelectron escape depth, k, according to
where k 0 is the inelastic mean free path of photoelectrons.
The O 1s and In 4d spectra from the sample with 2-nmthick Al 2 O 3 observed at h ¼ 45 are shown in Fig. 1 . We found that the obtained O 1s spectrum consisted of two components as shown by the labels "I" and "II" in Fig. 1(a) . These components are referred to as O 1s I and O 1s II hereafter. The O 1s II component was found to be a surface-related peak that decreased in intensity as h increased, which was in good agreement with the previous report. 6 The energy difference between these components was 1.4 eV. It is highly likely 6, 7 In addition, the separation between O 1s I and the valence band maximum (VBM), E V , for the 16-nm-thick Al 2 O 3 layer was constant and independent of h, which indicates that this component can be used to determine the bulk constant parameter of the ALD Al 2 O 3 layer. Therefore, analysis of the band offset was carried out by using the O 1s I component.
Using the energy difference between the O 1s I component and the In 4d spectrum shown in Fig. 1(b) , DE V is extracted by the conventional method shown in Fig. 2 , where the value of DE V is obtained by the following equation: 8 Þ was previously obtained by angle resolved-XPS. 9 The measured core-level separation DE CL was 513.3 eV. Consequently, Fig. 3 , the difference in the VBM between h ¼ 15 and h ¼ 75 was 1.2 eV. This result did not show a large discrepancy with the aforementioned result obtained by the conventional method. Therefore, the conventional method appeared to be appropriate here.
However, we found an anomalous phenomenon in the Al 2 O 3 (2 nm)/In 0.17 Al 0.83 N/GaN structure. As h increased,
O1s I decreased, whereas E InAlN In4d increased. As a result, the energy difference DE CL increased as h decreased. The results are summarized in Table I . As can be seen, the difference between DE CL at h ¼ 15 and h ¼ 75 was as large as 0.3 eV, considerably larger than the experimental error of 60.1 eV. This difference should not have been observed since the magnitude of DE V was constant and independent of h. In addition, the measured full width at half maximum (FWHM) of the In 4d spectra increased as h increased, though that of O 1s I did not increase markedly. The behavior of the core level spectra is also plotted in Fig. 4 , where the measured binding energy and FWHM values are respectively indicated by open circles and rectangles vs. h (the meaning of the solid lines will be described later). These results indicated that it was necessary to apply the conventional method carefully to the present structure.
As we reported previously, 9, 10 an abrupt internal potential gradient should have existed in the InAlN layer owing to its large spontaneous polarization. An internal potential gradient can be caused by the surface/interface charge generated by the difference in polarization and by surface/interface states. Therefore, there is a possibility that the potential gradient exists also in the Al 2 O 3 layer on InAlN. Thus, correction of the measured DE CL value is necessary. For the correction, we numerically calculated the effect of the internal potential gradient on the core-level spectra, to obtain the dependence of apparent binding energy and FWHM values on h. Details of the principle and calculation method have been reported previously. 10 Briefly, a core-level spectrum as a function of the binding energy, E, for a layer of thickness d can be given by
where z is the depth from the surface and I 0 (E, z) denotes the spectrum generated at each depth. Here, I 0 (E, z) for a single spin orbital is represented by the pseudo-Voigt function. To estimate k at each h, k 0 in Eq. (1) was calculated according to the previously reported theory. 11 When surface internal potential gradient is not negligible relative to k, the z-dependence of the core-level energy should be taken into account in I 0 (E,z). In this case, the assumption of opposite potential gradients in the Al 2 O 3 and InAlN layers, as shown in Fig. 5 , can explain the observed phenomena. The core levels are also inclined parallel to the VBM gradient. The calculation results used to fit the apparent binding energy and FWHM, assuming the internal potential drop to be À600 meV for 2nm-thick Al 2 O 3 layer and 2.5 eV in the opposite direction for the 15-nm-thick InAlN layer, are shown in Fig. 4 by the solid lines (here the sign of the potential drop is defined to be positive when the potential goes down as the depth increases). The calculated results explained the behavior of apparent binding energy and FWHM depending on h. As shown in Fig. 6 , the apparent values of DE CL obtained by experiment and by calculation assuming the potential gradient described above are in good agreement. However, these values are still apparent ones. As is shown in Fig. 5 , the apparent DE CL at h ¼ 0 gives the difference between the core-level values at the top point of each layer. Therefore, to obtain the actual DE CL at the Al 2 O 3 /InAlN interface, we have to include the total potential drop in the Al 2 O 3 layer, DV Al 2 O 3 as follows:
where q is the elementary charge. In this way, the actual core-level separation at the interface was derived to be 513.2 eV, which is also indicated in Fig. 6 . Therefore, DE V was found to be 1.2 eV. 
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In Fig. 5 (1). However, it should be noted that the depth corresponding to the apparent binding energy is not necessarily proportional to k, owing to the modification of the spectral shapes as a result of integration of Eq. (3) . Especially, the VBM is given by the edge of calculated spectra, while the positions of core-level spectra are extracted by the half-maximum center. Using these calculated points, it can be concluded that the observed apparent difference in the VBM between h ¼ 15 and h ¼ 75 in Fig. 3 should be close to the actual value because the internal potential gradient in the Al 2 O 3 and InAlN layers is in opposite directions. Therefore, it is possible that the difference in VBM between h ¼ 15 and h ¼ 75 results in the same value as the actual DE V .
Consequently, the conventional method provided a reasonable value of DE V within the experimental error of 60.1 eV. Considering the experimental error for all the present results, it is safely concluded that the value of DE V should be 1.2 6 0.2 eV. Since the band gap of Al 2 O 3 and InAlN has been, respectively, measured to be 6.7-7.0 eV (Refs. 12-15) and 4.6 eV, 16 DE C is estimated to be approximately 1 eV. This value appears to be sufficiently large to justify using an Al 2 O 3 layer in combination with an InAlN layer to enhance the barrier function for a 2DEG at an InAlN/GaN heterointerface.
